AbsTRAcT
Annual bluegrass (Poa annua L.) is a winter annual weed in southern landscapes. Previous research indicated that soil P or pH affects growth of annual bluegrass, which could provide tools for integrated control of a plant considered a weed in some turfgrass systems. The objective of this work was to evaluate the effects of P rate and soil type on growth parameters of annual bluegrass. This greenhouse study evaluated rates of P (0, 25, 50, 99, and 197 kg P ha -1 ) on 3 soil types (silty clay loam, loamy sand, and sand/peat [90:10% v/v] greensmix). Plant height, days to first seedhead (panicle), branches per panicle, seeds per branch, seed number and weight, and shoot and root dry weight data were collected by hand sampling and counting. Annual bluegrass seed was affected by both soil type and rate of P fertilization. Annual bluegrass plants grown in greensmix that received lower or zero P were 25% smaller than fertilized, took a week longer to produce a visible seed head, and had seed of reduced weight. Number of panicles, branches per panicle, seeds per panicle, and seeds per panicle branch were all unaffected by P rate, but often by soil type, where there were fewer of all when grown in greensmix. Avoidance of excessive P fertilization and subsequent accumulation of soil P may be an additional tool for the management and reduction of annual bluegrass. of 5.0 (Sprague and Burton, 1937) . Others found that annual bluegrass produced twice as many roots and leaf tissue, and four times as many seedheads, at a soil pH of 6.5, when compared to a pH of 4.5 (loamy sand soil) (Juska and Hanson, 1969) . Annual bluegrass (seeded on an acidic soil surface) did not germinate at a pH of 3.6, while 66% of the seed germinated at a pH of 5.2 (Ferguson, 1936) . Application of lime to increase soil pH from 4.6 to 6.0 benefitted the growth of annual bluegrass more than that of creeping bentgrass (Kuo, 1993a) . Thus, close to 60 yr of study from a variety of researchers indicates that the growth and vigor of annual bluegrass is reduced as soil pH decreases.
Typically, annual bluegrass will respond to P fertilization, producing a bigger and more competitive plant. In a greenhouse study, annual bluegrass clippings (Varco and Sartain, 1986) and plant density (Dest and Allinson, 1981) increased with an increase in fertilizer P. In a mixed stand of annual bluegrass and creeping bentgrass application of P increased annual bluegrass populations within the creeping bentgrass (Goss et al., 1975; Kuo, 1993b) . In comparison, others found that P did not have an impact on annual bluegrass growing within creeping bentgrass (Dest and Guillard, 1987) , or that annual bluegrass seedlings had little response to increased P (Nam-Il et al., 2001) .
Cultural weed control methods that include nutrient management could provide turfgrass managers with alternative annual bluegrass control options, especially when warm-season turfgrasses are overseeded with cool season species, which additionally limits herbicidal control options. Cultural control methods could also reduce the number of herbicide applications, which could be vital in reducing the occurrence of herbicide resistance. Research examining the use of fertilizer nutrients as a cultural control method for annual bluegrass control is limited. Additionally, much of the work has been conducted in cool-season climes, where the intent is to evaluate the effects of fertilizer nutrients (typically N and P) on annual bluegrass as an integral part of a mixed annual bluegrass/creeping bentgrass sward. Such work does not explicitly intend reductions in annual bluegrassas an outcome, which is an objective of the research presented here. Thus, the objective of this project was to examine the effect of rates of P fertilization and soil type on the growth of annual bluegrass.
MATeRIALs AnD MeTHODs
The study was conducted in a greenhouse located at the Auburn University Plant Science Research Center in Auburn, AL. Conducted under ambient light and with controlled temperatures of 15.6:21.1°C (night/day), the experiment was repeated in time from February to July 2010 and October 2010 to April 2011. In general, for the southeastern United States, this would cover a general period of germination through growth and eventually flowering. Each experiment lasted approximately 22 wk. The experiment was a 3 × 5 factorial design of soil (specific soil treatments in the next paragraph) and P rate, with five replications of each treatment combination arranged in a completely randomized design, with the pots re-randomized every week.
Soil treatments were (i) sand/reed sedge peat (90:10% vol/vol) hereafter called 'greensmix'; (ii) Marvyn sandy loam (fine-loamy, kaolinitic, thermic Typic Kanhapludult); and (iii) Sumter silty clay loam (fine-silty, carbonatic, thermic Rendollic Eutrudept). The soil types were selected because they represent a range of textural and mineralogical properties for soils of the region. The greensmix was blended onsite prior to the start of the experiment, while the two other soils were collected from the 0-15 cm layer from sites at Auburn University research stations. All soils were air-dried and sieved to pass a 2-mm screen. Background soil tests (Mehlich 3 extraction) are shown in Table 1 .
Phosphorus treatments were P applied at rates of 0, 56, 112, 224, and 448 kg P 2 O 5 ha -1 (0, 25, 50, 99, and 197 kg P ha -1 ) using ground (to pass a 100 mesh sieve) triple-super phosphate (0-45-0, %N-P 2 O 5 -K 2 O) as the P source. All soil was placed at a bulk density of 1.5 g cm -3 into 15 cm diameter pots. The P was added by mixing the triple superphosphate into the upper 3 mm of soil. The P fertilizer was ground to increase the uniformity of coverage in each pot, and to ensure that correct amounts of materials were applied, given the relatively low rates of material needed for each pot.
Annual bluegrass (Poa anna var. annua L.) was a purchased population (Valley Seed, Fresno, CA). Annual bluegrass was seeded into 15-cm diameter pots at a planting rate of 20 seed per pot. The seed and P treatments were mixed in the upper 3 mm of soil, and each pot was covered with a circle of germination cloth cut to fit the pot diameter. After covering, pots were watered daily as needed to maintain adequate moisture for germination. After germination and emergence plants in each pot were thinned to five plants per pot, 2 wk after emergence. During the experiment plants were watered to prevent wilting, with drainage from the pot prevented. Plants were watered with a P depleted Hoaglands solution to provide 4.9 kg N ha -1 wk -1 (Hoagland and Snyder, 1933) .
The following data was collected: (i) plant height at 90 d after seeding measured by holding a ruler from the soil surface to the top of three randomly selected plants per pot; and averaging (ii) days until to the first visible seedhead (hereafter called a panicle); (iii) total number of panicles per pot; (iv) number of branches per panicle; (v) number of seed per panicle branch; (vi) total number of seed per pot; and, (vii) total weight and weight of 30 randomly selected seeds. To collect this data the following was done each time a panicle appeared. The panicle was destructively sampled just prior to 100% maturity, with branches counted and the seed collected. Viability of these 30 seeds was also determined, with 30 seeds placed on a wetted filter paper, placed in a 10-cm diameter Petrie dish, and then covered and placed in a 13°C growth chamber for 7 d, after which emergence of a root or shoot was evaluated. These viability tests were conducted within 60 d of harvest, with harvested seed stored in a cold chamber until the studies were completed. All panicle data was collected weekly for 6 wk. After 6 wk of production all but a few random panicles had appeared, and panicle collection was ended. Root and shoot weight were collected at the end of each run of the experiment, with shoot weight consisting of all aboveground tissue other than harvested panicles. 
ResULTs AnD DIscUssIOn
The data were analyzed using mixed model methodology as implemented in SAS PROC MIXED (SAS Inst. Inc., Cary, NC), where the experimental repeat was treated as a random blocking factor. Preliminary analyses indicated that the experimental repeat was not significant, and so data was averaged across those runs. Initial analysis of variance (Table 2) revealed that there were two instances in which the interaction of soil type and P rate significantly affected plant response. These were for root weight and the weight of 30 selected seeds. For every other studied growth variable the interaction of soil type and P rate was not significant ( Table 2) . Out of the nine other plant growth variables that were studied, the soil or greensmix treatment significantly affected measured plant variables in eight of those data sets. The only time in which the main effect of soil or greensmix did not affect plant growth was for the variables (i) number of seeds per panicle and (ii) weight of all seeds produced. Phosphorus fertilization significantly affected three plant variables: (i) total weight of all seeds, (ii) number of days to first panicle emergence, and (iii) shoot weight at harvest. Simulated adjustment of critical P-values was used to determine differences between mean effects, because the number of observations varied (Conneely and Boehnke, 2007) .
soil effect
In most cases differences in growth were not significant when comparing response means from the two native soils (Sumter and Marvyn) (Table 3) . However, when growth responses from annual bluegrass growing in the Sumter or Marvyn soil were compared to those from annual bluegrass growing in the greensmix differences were apparent. Annual bluegrass growing in greensmix took longer to produce a first panicle, had fewer panicles in total, had fewer branches on each panicle, and produced fewer seed that were lighter in weight (Table 3) . Plants were also shorter. When compared to annual bluegrass growing in the Sumter or Marvyn soils, annual bluegrass growing in the greensmix produced on average 120 fewer seeds per plant (calculated by dividing the seeds counted per pot by five plants per pot). Days to a first seedhead were a week longer when annual bluegrasswas grown in greensmix, and those plants were 2 cm shorter as well. In all, plants grown in greensmix were smaller, took longer to reach reproductive maturity (~1 wk), and produced 42% fewer seed that weighed 50% less than those grown in the Marvyn or Sumter soil (Table 3 ). In general, the impact of P on annual bluegrass growth was greater than the soil type itself.
Growth differences are due to soil chemical and physical properties, most likely background soil fertility and water holding capacity. Although uniform fertilization (with the exception of P) was performed for the duration of these studies the soil pH was not adjusted (Table 1) . Soil pH was lowest in the greensmix (5.5), followed by that of the Marvyn (6.5) and alkaline Sumter (8.1). It is documented that germination of annual bluegrass decreases with increasing pH, and that maintenance of soil pH near 5.0 limited infestations of annual bluegrass (Juska and Hanson, 1969; Varco and Sartain, 1986) . Others have found that high lime application (to create a soil pH of 6.0, increased from an initial level of 4.0) improved the ability of annual bluegrass to compete against creeping bentgrass (Kuo, 1993a) . Showing similar results, annual bluegrass growing in our geensmix with its' lower soil pH was about smaller and less vigorous.
Additionally, extractable soil P in the greensmix was low (Table 3) . These soil test results yielded fertilizer recommendations of from 40 to 101 kg P ha -1 (for greensmix and Marvyn, which would have had an index of a 'Very Low' P soil test) and 20 to 50 kg P ha -1 for the Sumter soil (having a soil test index of 'Medium') (Mitchell and Huluka, 2012) . A range of fertilizer rates is offered because Alabama fertilizer recommendations for bentgrass putting greens are not well calibrated, and thus a range of values for warm-season pasture and turfgrasses are extrapolated for use. Rates of P used in this experiment (0, 25, 50, 99, and 197 kg P ha -1 ) would have bracketed the highest rates of recommended P fertilizer. However, the extremely low levels of background P in the greensmix (4 mg kg -1 ) would have made plants growing in this greensmix more susceptible to reduced growth at lower rates of P fertilization, when compared to Poa annua growing in the other two soils. Effects of reduced soil P on the growth of Poa annua are documented, with added P (86 kg P ha -1 yr -1 for 7 yr) increasing percent Poa annua in a creeping bentgrass putting green, when compared to no added P (Goss et al., 1975) . Fertilization for 2 yr with increasing rates of P resulted in increased clipping yield (Kuo, 1993b; Varco and Sartain, 1986) and improved establishment (Varco and Sartain, 1986) .
Soil texture would also affect Poa annua growth, largely due to the water holding capacity of the soils. Soils and greensmix were uniformly watered throughout the studies, and water holding would be in the order of Sumter silty clay > Marvyn loamy sand > greensmix. Thus, Poa annua growing in the Sumter soil would remain in wetter soil for a longer period of time, while Poa annua growing in the 90% sand greensmix would be growing in drier soil for a greater period between watering. In other work, Poa annua growing at the lowest water content (4% volumetric water content) had the least lateral spread and reduced production of infloresences (Slavens et al., 2011) . In a field study, daily irrigation increased Poa annua (Gaussoin and Branham, 1989) . In another field study quality of Poa annua was highest when irrigation was applied at 80% of reference evapotranspiration (ET o ). Quality declined when irrigation was applied at 100% of ET o , largely because of algae growth (Roberts et al., 2011) .
Phosphorus fertilization effect
Both shoot weight and total seed weight decreased as P rate increased, up to a maximum of 1153 kg P ha -1 for shoot weight and 100 kg P ha -1 for total seed weight, with no additional effects from increasing P thereafter (Fig. 1) . As P rate increased the numbers of days for the appearance of a first panicle increased. When no P was applied it took 127 d for a panicle to emerge, as compared to an average of 119 d when any rate of P was applied. This extra 8 d without a visible seedhead affords the possibility for reductions in growth regulator applications used to suppress Poa annua seedheads, possibility lessening chemical use and associated costs. As an example of work that examined combined fertilizer and growth regulators, combinations of the growth regulator mefluidide and high nitrogen application (293 kg ha -1 yr -1 ) favored populations of annual bluegrass, perhaps by improving the persistence of the Poa annua via new root initiation as the growth regulator inhibited seedhead formation (Gaussoin and Branham, 1989) . That paper focused solely on N as a fertilizer nutrient. Examinations of the relationships between P and growth regulators for Poa annua have yet to be conducted, to our knowledge.
Examinations that the effect of P, and its combination with N, on Poa annua have been completed. These studies have varying results as to which nutrient has greatest effect on Poa annua: N or P. An early study found that a soil pH of 6.5 had greatest effects on growth of Poa annua, followed, in order, by an 'adequate' supply of N, P, and K (Juska and Hanson, 1969) . Others found a stronger interaction between P and N, with populations of Poa annua increasing when increasing levels of P were added, across any level of N fertilization (Goss et al., 1975) . Other work found that the combination of small but frequent applications of N was best for Poa annua survival, when combined with increasing P fertilization (Dest and Allinson, 1981) . In comparison, when both N and P were applied the application of P had no effect on Poa annua population, while less N rendered the Poa annua less competitive (Dest and Guillard, 1987) .
Examining applications of P alone, invasion of Poa annua increased as P application increased (from 0 to 1.95 kg 100 m -2 ) (Waddington et al., 1978) . Clipping yield of Poa annua increased as P fertilization increased from 0 to 120 kg ha -1 (Varco and Sartain, 1986) . As P fertilization increased from 0 to 80 mg P kg -1 Poa annua had increased clipping yield, tissue P and P uptake, over a range of soil pHs (Kuo, 1993a (Kuo, , 1993b . In general, the body of work with P fertilization and Poa annua indicates that the species responds to added P, with increases in shoot growth, typically measured via clipping yield. Our works further supports these previous findings, and adds information about the response of specific plant parts within the shoots. Additional studies regarding soil-test P (via various extracts) and the soil-test P levels at which growth of Poa annua is minimized would be interesting.
soil Type and Phosphorus Rate Interaction
The only two variables for which the interaction of P rate and soil type/greensmix was significant were the weight of 30 selected seeds and dry root weight at harvest (Table 2) . Results from those data sets are shown Fig. 2 . For the dry weight of roots, Poa annua grown in the Marvyn soil was unaffected by P rate. Roots of Poa annua grown in the Sumter and greensmix increased in weight as P rate increased, up to between 120 and 150 kg P ha -1 , with a decrease thereafter (Fig. 2) . Little work has examined the impact of P fertilization on Poa annua root growth. In a loamy sand (similar to our Marvyn soil) the addition of P increased root weight as compared to a zero P treatment, but only at a lower soil pH of 4.5 (Juska and Hanson, 1969) . Such effects were not observed in a silt loam soil. More recent work found slight increases in the dry weight of Poa annua roots as P increased, using a composited sandy-loam soil (Nam-Il et al., 2001) . Results in our study were slightly different, as root growth was affected by P fertilization in the soils with the least (Sumter) and greatest sand content (greensmix). Roots of Poa annua growing in a loamy sand such as used in previous work was unaffected by P fertilization (Fig. 2) .
The weight of 30 seeds was affected by P rate in both the Sumter and greensmix, with weight increasing to around 100 kg P ha -1 , and unaffected by increasing P thereafter (Fig. 2) . Seeds from Poa annua grown in the Marvyn soil were unaffected by P fertilization. When no P was added and plants were grown in greensmix individual seeds weighed less, as compared to the weight of 30 seeds grown in the Marvyn or Sumter soil (Fig. 2) . The total number of all seed was also affected by soil type, but the total weight of seed was not (Table 2) .
Seed from Poa annua growing in greensmix were fewer and lower in weight than those growing in the Marvyn or Sumter soils. Seed viability, measured as percent germination after 7 d, was unaffected by treatment. There was never a significant interaction between soil type and P rate for percent germination, and main effects of soil type or P rate also did not affect percent germination. Over all P rates, the average percent germination for Poa annua seeds from greensmix, Sumter, and Marvyn soils was 90, 91, and 92%, respectively. However, similar germination does not preclude the fact that lower P fertility (and the resultant lower residual soil P) will likely have a long-term impact on Poa annua stand composition due to less seed produced and a longer period before seed are produced. Such impacts of anthropogenic factors may not been seen in 1 yr, but may require several years to observe changes in species composition (Hyvönen and Salonen, 2002; Major et al., 2005) . cOncLUsIOn Poa annua seeded and grown in varying soil types and greensmix was affected by both soil type and rate of P fertilization. In general, Poa annua grown in soil with a higher sand content, that received lower rates of P, were smaller, took a week longer to produce a visible infloresence, resulting in fewer seedheads and seed. The ability to manipulate plant size and seedhead visibility through simple fertilization practices will likely have long-term impacts on Poa annua composition of an established turfgrass sward. 
